Introduction
============

Dental bone implants are frequently used for replacing missing teeth. The clinical success of bone implants is dependent on the successful integration of the biomaterial into regenerated bone tissue, which occurs via the adhesion, proliferation and differentiation of osteoblasts(1--4). The adhesion process is followed by the production of mineralized matrix directly on the surface of the biomaterial ([@b1-mmr-22-01-257]--[@b4-mmr-22-01-257]). However, it is estimated that 5--11% dental implants fail within 10--15 years, which then must be removed ([@b5-mmr-22-01-257],[@b6-mmr-22-01-257]). The loss of a dental implant is generally attributed to peri-implant bone loss. Therefore, it is important to elucidate the mechanism of peri-implant bone loss and facilitate the understanding of osseointegration of implants in order to improve the success rate of clinical implantation.

Titanium (Ti) and its alloys are choice materials for dental implants due to the high biocompatibility and corrosion resistance properties ([@b7-mmr-22-01-257]). However, Ti implants can dissolve due to stress corrosion, galvanic corrosion and chemical corrosion in the oral environment, resulting in the precipitation of Ti ions ([@b8-mmr-22-01-257]). *In vivo* studies have demonstrated that the release of Ti ions into surrounding tissue, regional lymph nodes and internal organs can occur during or after implant placement ([@b9-mmr-22-01-257]--[@b11-mmr-22-01-257]). In a rabbit model based on synchrotron radiation X-ray fluorescence, Ti ions were detected in bony tissues 12 weeks and 1 year after implant placement ([@b12-mmr-22-01-257]).

Ti ions released from dental implants play an important role in peri-implant complications, including bone loss via several mechanisms ([@b13-mmr-22-01-257]--[@b15-mmr-22-01-257]). Bitar and Parvizi ([@b16-mmr-22-01-257]) identified cytokine-mediated osteolytic changes caused by reactive oxygen species (ROS) intermediates and activation of the complement cascade as factors affecting bone metabolismin macrophages from mice *in vitro*. Mitochondria, as the power plant of cells, are the primary location of ROS production. However, to the best of our knowledge, the effect of Ti ions on mitochondria derived ROS (mROS) has not been previously studied in depth.

Therefore, the present study investigated the mechanism of Ti ion damage to osteoblasts, and the possible mechanism of increased mROS production.

Materials and methods
=====================

### Cell culture

Osteoblastic cells were purchased from Lonza (Clonetics Normal Human Osteoblast Cell System). Cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% (v/v) penicillin/streptomycin (cat. no. P4333; Sigma-Aldrich; Merck KGaA) and incubated at a humidified atmosphere with 5% CO~2~ at 37°C. The culture medium was changed every 2 days. At 70--80% confluency, adhered cells were detached using 0.25% trypsin/EDTA solution. Osteoblastic cells of passages 4--6 were used for the subsequent experiments. All experiments were performed three times.

### Cell experimental protocol

The effect of Ti ions on autophagy in osteoblastic cells was evaluated. Cells were treated with TiCl~4~ (cat. no. 7550-45-0; Shanghai Aladdin Bio-Chem Technology Co., Ltd.) at different concentrations (0, 10, 25 and 50 µM) at 37°C for 24 h. The cells were also treated with various concentrations (0, 10, 25 and 50 µM) of TiCl~4~ for 24 h with or without lysosomal inhibitor bafilomycin A1 (Baf-A1; 20 nM; Cell Signaling Technology, Inc.) at 37°C for 24 h. The vehicle control used for each *in vitro* assay was 0.1% DMSO. The role of the sirtuin3 (SIRT3)/superoxide dismutase 2 (SOD2) pathway in osteoblasts was investigated.

### Cell viability

Cell viability was analyzed using the Cell Counting Kit-8 (CCK-8) according to the manufacturer\'s instructions (cat. no. CK04; Dojindo Molecular Technologies, Inc.). Briefly, 1×10^4^ cells were inoculated into 96-well plates. After treatment, 90 ml RPMI 1640 medium and 10 ml CCK-8 solution were added to each well. The cells were then incubated at 37°C for 2 h, and the absorption was measured at 450 nm using an Infinite M200 microplate reader (Tecan Group, Ltd.). Data are presented as percentages relative to the control.

### Determination of mROS

After treatment, osteoblastic cells were incubated with culture medium containing 10 mM MitoSOX (cat. no. M36008; Invitrogen; Thermo Fisher Scientific, Inc.) for 20 min at 37°C. Osteoblastic cells were pre-incubated at 37°C with 10 mM Mito-TEMPO (Sigma-Aldrich; Merck KGaA) for 2 h before the 24 h TiCl~4~ exposure.The fluorescence intensity was analyzed with an Infinite M200 Microplate Reader (Tecan Group, Ltd.) at an excitation wavelength of 492 nm and an emission wavelength of 595 nm. Cellular fluorescence intensity was expressed as fold-change relative to control.

### Measurement of SOD2 enzyme activity

SOD2 enzymatic activity was assessed using a SOD1 and SOD2 assay kit (cat. no. S0103; Beyotime Institute of Biotechnology) according to the manufacturer\'s instructions. For quantification, one unit of SOD was defined as the amount of enzyme that inhibited the rate of nitro-blue tetrazoliumreduction observed in a blank sample by 50% ([@b17-mmr-22-01-257]). The SOD isoforms were identified by adding the SOD1 inhibitor A and B according to the manufacturer\'s instructions to inhibit SOD1 activity (i.e., to detect SOD2). The absorption at 450 nm was measured using an Infinite M200 microplate reader.

### Plasmids and transfection

LV5-SIRT3 overexpression lentivirus were purchased from Yuxi Biotechnology Corporation ([Fig. S1A](#SD1-mmr-22-01-257){ref-type="supplementary-material"}). The transfection assay was performed according to the manufacturer\'s protocols. Osteoblastic cells were grown in DMEM (Gibco; Thermo Fisher Scientific, Inc.) with 20% FBS (Gibco; Thermo Fisher Scientific, Inc.) on culture dishesat a humidified atmosphere of 5% CO~2~ at 37°C, and were infected with the lentivirus for 72--96 h ([Fig. S1B](#SD1-mmr-22-01-257){ref-type="supplementary-material"}). The lentivirus contained green fluorescent protein, which was visible in fluorescence microscopy. Cells were then washedwith DMEM (Gibco; Thermo Fisher Scientific, Inc.) and processed for subsequent experiments. Western blotting was used to show that transfection was successful ([Fig. S1C](#SD1-mmr-22-01-257){ref-type="supplementary-material"}).

### Reverse transcription-quantitative PCR (RT-qPCR)

TRIzol^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract RNA from osteoblastic cells, and its concentration and purity were detected with a UV spectrophotometer. cDNA was synthesized using a Sensiscript RT kit (Thermo Fisher Scientific, Inc.). All reagents used for RT-qPCR to detect SIRT3 mRNA were obtained from Thermo Fisher Scientific, Inc. The following primer sequences were used: SIRT3 forward, 5′- GACATCCCGTACCCTGAAG-3; and reverse, 5′-AGCTGTTACAAAGGTCCCGT-3′; and GAPDH forward, 5′-CGAGAATGGGAAGCTTGTCA-3′ and reverse, 5′-GACATCCCGTACCCTGAAG-3′. The reaction system consisted of 4 µl 5X buffer + 1.5 µl MgCl~2~ + 0.5 µl dNTP + 0.8 µl sense and antisense primers + 0.3 µl Taq enzyme + 2 µl cDNA template, + 0.4 µl passive dye (SYBR Green; Thermo Fisher Scientific, Inc.) and 11.5 µl water to 20 µl. The reaction conditions were: Initial denaturation at 95°C for 3 min, followed by 35 cycles at 95°C for 30 sec, 55°C for 20 sec and 72°C for 20 sec; and a final extension step at 72°C for 10 min. The dissociation curve was obtained and the 2^−ΔΔCq^ method ([@b18-mmr-22-01-257]) was used to calculate the relative expression of mRNA.

### SIRT3 activity

A fluorometric kit (cat. no. BML-AK557-0001; Enzo Life Sciences, Inc.) was used to examine SIRT3 enzymatic activity. The osteoblastic cells were treated and lysed with cell lysis buffer (Beyotime Institute of Biotechnology). Lysates were centrifuged at 12,000 × g for 15 min at 4°C and the resulting supernatant was transferred to a new tube. The protein concentrations were determined using a Bradford protein assay kit (Beyotime Institute of Biotechnology). In total, 40 mg protein was incubated at 37°C for 45 min with specific substrates, following the manufacturer\'s instructions. Then, 25 ml developer was added and samples were incubated for 45 min at 37°C. SIRT3 activity was measured using an Infinite M200 microplate reader at the wavelengths 350 and 450 nm.

### Immunoprecipitation

Osteoblastic cells were treated with TiCl~4~ at different concentrations (0, 10, 25 and 50 µM) at 37°C for 24 h and lysed with cell lysis buffer (Beyotime Institute of Biotechnology; cat. no. P0013). Lysates were clarified by centrifugation at 12,000 × g for 15 min at 4°C and were used for immunoprecipitation. The protein concentrations were determined using a Bradford protein assay kit (Beyotime Institute of Biotechnology). A total of 2 µg anti-SOD2 (1:200; Abcam; cat. no. Ab137037) was incubated with 500-1,000 µg protein overnight at 4°C. This was followed by incubation with 20 µl protein A beads (Beyotime Institute of Biotechnology; cat. no. P2006) overnight at 4°C. After incubation, the beads were washed three times with PBS and subsequently boiled in 40 µl 1X sample buffer for 5 min at 100°C, and analyzed by western blotting.

### Western blotting

Osteoblastic cells were treated at 37°C for 24 h and lysed with cell lysis buffer (Beyotime Institute of Biotechnology; cat. no. P0013). Lysates were clarified by centrifugation at 12,000 × g for 15 min at 4°C and the resulting supernatant was transferred to a new tube. The protein concentrations were determined using a Bradford protein assay kit (Beyotime Institute of Biotechnology). The protein samples (60 µg/lane) were separated by SDS-PAGE (12% gel). Following protein transfer onto PVDF membranes, the membranes were blocked with 20 ml sealing liquid (1 g skimmed milk powder, 20 ml 2% PBS-Tween 20) on a horizontal shaker and left to agitate at 25°C for 2 h. Then, membranes were incubated overnight at 4°C with antibodies against microtubule associated protein 1 light chain 3 α (LC3;1:1,000; cat. no. L7543; Sigma-Aldrich; Merck KGaA), SQSTM1/p62 (1:1,000; Abcam; cat. no. ab56416), SIRT3 (1:500; cat. no. sc-99143; Santa Cruz Biotechnology, Inc.), SOD2 (1:1,000; cat. no.sc-33254; Santa Cruz Biotechnology, Inc.), Ac-lysine (1:500; cat. no. Ab137037; Abcam) and GAPDH (1:5,000; cat. no. A5441; Sigma-Aldrich; Merck KGaA). The membranes were incubated for 1 h at 25°C with the secondary antibodies, horseradish peroxidase-conjugated affinity-purified goat anti-rabbit IgG (1:2,000; cat. no. AP132; Sigma-Aldrich; Merck KGaA). Signals were detected using Super Signal West Femto Trial kit (Thermo Fisher Scientific, Inc.). The membranes were exposed to Hyper Performance Chemiluminescence film (GE Healthcare Life Sciences). The relative amount of proteins was quantified using gel analysis software UNSCAN-IT gel (version 5.3; Silk Scientific, Inc.) and normalized to GAPDH internal loading control.

### Immunofluorescence

Cells were collected and fixed with4% paraformaldehyde for 10 min at room temperature., and subsequently incubated with 0.5% Triton X-100 at 25°C for 20 min. Then, cells were incubated with anti-LC 3(1:200; cat. no. L7543; Sigma-Aldrich; Merck KGaA) overnight at 4°C after blocking with 5% BSA (Gibco; Thermo Fisher Scientific, Inc.) in PBS. After washingwith PBS, the cells were incubated with FITC labeled goat anti-rabbit Immunoglobulin G (1:2,000; cat. no. AP132; Sigma-Aldrich; Merck KGaA) at 25°C for 1 hand PI (50 µg/ml; cat. no. C1002; Beyotime Institute of Biotechnology) for 15 min. Then, images (magnification, ×1000) were captured using a fluorescent microscope (BX51; Olympus Corporation).

### Statistical analysis

Data are presented as the mean ± standard deviation from ≥3 independent experiments. The data were analyzed by one-way ANOVA test using GraphPad Prism-5 software (GraphPad Software, Inc.), followed by Tukey\'s test for multiple comparisons using SPSS (v.10.01; IBM Corp.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Ti ions can lead to osteoblastic cellular damage via autophagy

To determine whether Ti ions can damage osteoblastic cells, the present study established a cellular model. It was found that Ti ion exposure decreased osteoblastic cell viability in a dose-dependent manner ([Fig. 1A](#f1-mmr-22-01-257){ref-type="fig"}). To investigate whether autophagy is involved in osteoblast injury caused by Ti ions, the expression level of LC3II was assessed as a marker of autophagy in osteoblastic cells exposed to Ti ions. The present results suggested that the protein expression level of LC3II increased, while the expression level of sequestosome 1(P62) decreased with increasing Ti ion dosage ([Fig. 1B](#f1-mmr-22-01-257){ref-type="fig"}). The present study also examined osteoblastic cells by fluorescence microscopy, and found a significant increase in autophagy in TiCl~4~ group ([Fig. 1C](#f1-mmr-22-01-257){ref-type="fig"}).

### The basal level of autophagy has a protective effect on cells, but excessive autophagy can induce autophagic cell death

To investigate the effects of autophagy on osteoblastic cells caused by Ti ions, the apoptotic rate of osteoblastic cells treated with Ti ions was examined. No significant rate of apoptosis of osteoblastic cells was identified (data not shown). In addition, osteoblasts were treated with Bafilomycin A1 (BafA1), an autophagic inhibitor of the proton pump of autophagic lysosomes that can inhibit the activity of autophagosomes and reduce their degradation ([@b19-mmr-22-01-257]). After treatment with BafA1, the expression level of LC3II increased in the osteoblasts ([Fig. 1C and D](#f1-mmr-22-01-257){ref-type="fig"}), suggesting that enhanced LC3II after Ti ion exposure increased the autophagic flow. In addition, it was found that cell viability improved after treatment with BafA1 compared with TiCl~4~ group ([Fig. 1E](#f1-mmr-22-01-257){ref-type="fig"}).

### Ti ions increase autophagy via mROS

Autophagy has been shown to be related to mROS ([@b20-mmr-22-01-257]). The initial oxygen reduction product in mitochondria is O~2~·, which is then rapidly converted to H~2~O~2~ ([@b21-mmr-22-01-257]). Therefore, the present study investigate the levels of mROS in osteoblasts treated with Ti ions, and identified significantly elevated of mROS levels in these cells ([Fig. 2A](#f2-mmr-22-01-257){ref-type="fig"}). Furthermore, osteoblastic cells were pretreated with the mitochondrial antioxidant, Mito-TEMPO, which targets SOD2 in mitochondria, for 2 h before co-culture with Ti ions. It was demonstrated that Mito-TEMPO inhibited the production of mROS ([Fig. 2B](#f2-mmr-22-01-257){ref-type="fig"}), and it inhibited the expression level of LC3II caused by Ti ions ([Fig. 2C](#f2-mmr-22-01-257){ref-type="fig"}). Moreover, the viability of osteoblastic cells was significantly increased by pretreatment with Mito-TEMPO compared with TiCl~4~ group ([Fig. 2D](#f2-mmr-22-01-257){ref-type="fig"}). Collectively, these results suggested that oxidative stress induced by Ti ions triggers autophagy, while antioxidants, such as Mito-TEMPO, can mitigate mitochondrial oxidative stress and reduce this excess autophagy.

### Ti ions can increase SOD2 acetylation by inhibiting SIRT3 expression and activity

SOD2 is the main scavenger of oxygen free radicals in mitochondria ([@b22-mmr-22-01-257]). SOD2 catalyzes the conversion of O~2~· to H~2~O~2~ and plays an important role in regulating mROS in mitochondria ([@b22-mmr-22-01-257]). Therefore, the present study examined the effects of Ti ions on SOD2 expression levels. It was demonstrated that the activity of SOD2 decreased with increasing Ti ion dose ([Fig. 3A](#f3-mmr-22-01-257){ref-type="fig"}), but no effect was observed on the protein expression levels of SOD2 ([Fig. 3B](#f3-mmr-22-01-257){ref-type="fig"}). SOD2 activity is regulated by the acetylation of lysine residues ([@b22-mmr-22-01-257]--[@b24-mmr-22-01-257]). Therefore, the present study detected the acetylation level of SOD2 by coimmunoprecipitation and western blotting. It was found that Ti ion exposure resulted in a progressive increase in SOD2 acetylation level ([Fig. 3C](#f3-mmr-22-01-257){ref-type="fig"}). Deacetylation of SOD2 is mainly regulated by the mitochondrial deacetylase SIRT3 ([@b25-mmr-22-01-257]--[@b27-mmr-22-01-257]). Therefore, the present study investigated SIRT3 activity and its concentration in osteoblastic cells treated with Ti ions. The present results suggested that Ti ions caused a significant decrease in the mRNA ([Fig. 3D](#f3-mmr-22-01-257){ref-type="fig"}) and protein ([Fig. 3B](#f3-mmr-22-01-257){ref-type="fig"}) expression levels of SIRT3 in a dose-dependent manner. The present results also indicated that the levels of SIRT3 activity in the Ti ion group were significantly lower compared with the control group ([Fig. 3E](#f3-mmr-22-01-257){ref-type="fig"}).

### SIRT3 and SOD2 modulate Ti ion-induced mROS accumulation and autophagy

To examine whether the recovery of SIRT3 protein expression level or activity could prevent autophagy induced by Ti ion exposure, the present study transfected SIRT3 into osteoblastic cells to overexpress SIRT3. It was demonstrated that overexpression of SIRT3 ameliorated the inhibition of SIRT3 activity induced by Ti ions, reduced the acetylation of SOD2 ([Fig. 4A](#f4-mmr-22-01-257){ref-type="fig"}) and increased the activity of SOD2 ([Fig. 4B](#f4-mmr-22-01-257){ref-type="fig"}). Furthermore, SIRT3 overexpression significantly reduced the level of mROS produced by Ti ions ([Fig. 4C](#f4-mmr-22-01-257){ref-type="fig"}). The present results also suggested that the overexpression of SIRT3 increased cell viability and significantly reduced the expression levels of LC3II in Ti ion treated cells ([Fig. 4A and D](#f4-mmr-22-01-257){ref-type="fig"}).

Discussion
==========

Ti is used extensively in dental implants. However, clinical studies have found that Ti particles released from Ti implants can lead to aseptic loosening of orthopedic implants ([@b28-mmr-22-01-257],[@b29-mmr-22-01-257]). The corrosive properties of Ti are increased in low dissolved-oxygen conditions such as in the oral cavity, and especially in the presence of small amounts of fluoride ([@b8-mmr-22-01-257],[@b30-mmr-22-01-257],[@b31-mmr-22-01-257]). During implant placement, increasing osteoblast adhesion and proliferation on a Ti surface is essential for successful osseointegration ([@b32-mmr-22-01-257]). The osseointegration process can be divided into hemostasis, inflammatory, proliferation and a remodeling phase ([@b33-mmr-22-01-257]). In the inflammatory phase, infiltrated inflammatory cells synthesize and secrete ROS ([@b34-mmr-22-01-257]). Furthermore, Ti ions released from metal graft material can stimulate ROS synthesis ([@b35-mmr-22-01-257]). This overproduction of ROS can result in failure of implant placement by reducing osseointegration via dysfunction and apoptosis of the osteoblasts ([@b36-mmr-22-01-257]). N-acetyl-cysteine, a potent ROS inhibitor, enhances osseointegration by scavenging ROS in osteoblasts on the Ti alloy surface ([@b37-mmr-22-01-257]). Moreover, insulin improves the impaired osteogenesis of osteoblasts on the Ti surface by inhibiting ROS overproduction ([@b38-mmr-22-01-257]). In contrast to previous studies ([@b35-mmr-22-01-257],[@b37-mmr-22-01-257],[@b38-mmr-22-01-257]), the present results suggested that Ti ions could lead to the production of ROS via the mitochondrial pathway. Instead of apoptotic cell death ([@b36-mmr-22-01-257]), the present results suggested that ROS could lead to the autophagic death of osteoblasts.

By removing cells damaged by intracellular pathogens and toxic metabolites, autophagy aids in cell survival ([@b39-mmr-22-01-257]). However, autophagy may cause cell death via the degradation of essential cellular constituents and excessive self-digestion ([@b40-mmr-22-01-257]). The present results indicated that Ti ion induced increases in LC3 expression may be due to an elevation of autophagic flux. In addition, it was demonstrated that Ti ion exposure decreased the viability of osteoblasts. Collectively, the present results suggested that autophagy may contribute to Ti ion-mediated osteoblast damage in the periodontium.

Increased generation of ROS is an important stimulus of autophagy in several diseases ([@b41-mmr-22-01-257]--[@b45-mmr-22-01-257]). It is reported that autophagic removal and degradation of damaged proteins caused by mitochondrial oxidative stress is beneficial for cell survival ([@b46-mmr-22-01-257]). However, excessive amounts of ROS and severe oxidative stress may activate signaling pathways, and cause autophagic cell death ([@b20-mmr-22-01-257],[@b47-mmr-22-01-257]). The present results suggested that Ti ion exposure promoted mROS 2-fold compared with the control group. Moreover, Mito-TEMPO treatment, the mitochondrial-targeted SOD mimetic, reduced oxidative stress and decreased autophagic cell death, suggesting that mROS accumulation is an important mechanism underlying the sensitization of cells to autophagy.

Although mitochondrial oxidative stress is associated with autophagy ([@b48-mmr-22-01-257]), the molecular mechanism of oxygen free radical aggregation from mitochondria is not fully understood. Cells can regulate oxygen free radicals derived from mitochondria via a specific mechanism ([@b47-mmr-22-01-257]). Furthermore, mitochondria have a special function of removing oxygen free radicals from mitochondria to maintain homeostasis ([@b49-mmr-22-01-257]). Mitochondria consume 90% of intracellular oxygen, so SOD2 activity is important in maintaining the balance of oxygen free radicals derived from mitochondria ([@b23-mmr-22-01-257],[@b50-mmr-22-01-257]). SOD2 is an enzyme that scavenges free radicals, and is only found in mitochondria ([@b51-mmr-22-01-257],[@b52-mmr-22-01-257]). However, in the present study, it was found that the protein expression of SOD2 was not affected by Ti ion treatment. The amount of SOD2 protein is regulated by transcription, and its activity is regulated by acetylation level ([@b23-mmr-22-01-257],[@b24-mmr-22-01-257],[@b50-mmr-22-01-257]). Consistent with previous studies ([@b53-mmr-22-01-257],[@b54-mmr-22-01-257]), Ti ion exposure in the present study resulted in an elevated level of acetylation of SOD2 in a dose-dependent manner. Therefore, the present results suggested that Ti ions increased mitochondrial oxygen free radicals by increasing SOD2 acetylation levels, rather than by decreasing SOD2 protein expression levels.

Lysine acetylation is an important post-translational modification for the regulation of mitochondrial proteins and autophagy ([@b55-mmr-22-01-257]--[@b57-mmr-22-01-257]). In total, three deacetylases SIRT3, SIRT4 and SIRT5, are found in mitochondria. SIRT3 is the strongest deacetylase in mitochondria, and is directly involved in mitochondrial energy synthesis and the control of oxygen free radical levels ([@b47-mmr-22-01-257],[@b58-mmr-22-01-257]). Moreover, SIRT3 controls SOD2 activity by regulating the acetylation level of SOD2, and its target lysine has been identified ([@b59-mmr-22-01-257]). SIRT3 deacetylates SOD2 in response to ionizing radiation, indicating that SOD2 is a major downstream signal of SIRT3-mediated mitochondrial derived O~2~ reduction ([@b24-mmr-22-01-257],[@b47-mmr-22-01-257]). The present results indicated that Ti ions did not decrease SOD2 expression levels, but increased acetylation levels. Furthermore, it was demonstrated that SIRT3 expression level and activity were decreased. It was also found that SIRT3 overexpression could repair the increase inSOD2 acetylation caused by Ti ions, reduce the acetylation of SOD2 and increase SOD2 activity, thus maintaining the stability of mitochondrial oxygen free radicals and reversing autophagy induced by Ti ions. Therefore, SIRT3/SOD2 mediated autophagy may be an important mechanism of osteoblastic cells damage induced by Ti ions.

In conclusion, the present results suggested that there is a dose-response relationship between Ti ions and osteoblastic cells damage. Furthermore, increased autophagy-induced by mROS may be one of the important factors of Ti ion-induced osteoblastic cell damage. Moreover, Ti ions may lead to the dysfunction of SIRT3 and SOD2 in mitochondria. Therefore, inhibition of SIRT3 activity is an important mechanism of osteoblastic cellular damage induced by Ti ion exposure.
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![Ti ions can lead to autophagic cell death in osteoblastic cells. (A) Ti ion exposure decreased the viability of osteoblasts in a dose dependent manner. (B) Representative immunoblot analysis of LC3 and P62 assayed after osteoblast exposure to Ti ions at different concentrations. GAPDH was used as an internal standard for protein loading. (C) Fluorescence microscopy indicated an increased number of autophagic vacuoles in cells incubated with 50 µM TiCl~4~, in the absence or presence of 10 nM BafA1 for 24 h. Osteoblastic cells were incubated with 50 µM Ti ions, in the absence or presence of 10 nM BafA1 for 24 h. (D) Protein expression level of LC3-II was quantified by normalization of densitometry to GAPDH. (E) Cell viability was increased in the presence of 10 nM BafA1. Data are presented as a percentage of the control group, which was set at 100%. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. TiCl~4~ group. Ti, titanium; TiCl~4~, Ti tetrachloride; BafA1, Bafilomycin A1; LC3, microtubule associated protein 1 light chain 3 α; P62, sequestosome 1.](MMR-22-01-0257-g00){#f1-mmr-22-01-257}

![mROS mediates Ti ion induced autophagy in osteoblastic cells. (A) Quantification of mROS levels using a fluorescence spectrometer after osteoblastic cells were treated with TiCl~4~. Osteoblastic cells were preincubated with 10 mM Mito-TEMPO for 2 h and treated with 50 µM TiCl~4~, then the(B) mROS levels, (C) LC3 protein expression level and (D) and cell viability were determined. Data are presented as a percentage of the control group, which was set at 100%. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. TiCl~4~ group. Ti, titanium;TiCl~4~, Ti tetrachloride; LC3, microtubule associated protein 1 light chain 3 α; mROS, mitochondrion-derived reactive oxygen species.](MMR-22-01-0257-g01){#f2-mmr-22-01-257}

![Ti ions can increase acetylated-SOD2 expression level, and decrease SIRT3 protein expression level and activity in a dose-dependent manner. (A) SOD2 activity in osteoblastic cells exposed to TiCl~4~. (B) Representative immunoblot of SOD2 and SIRT3 protein expression levels in osteoblastic cells. GAPDH was used as an internal standard. (C) Acetylation of SOD2 after TiCl~4~ exposure was determined by immunoprecipitation with an anti-SOD2 antibody, followed by immunoblot analysis of acetylated-lysine. GAPDH used as an internal standard for protein loading. (D) Reverse transcription-quantitative PCR was used to detect SIRT3 mRNA expression levels. (E) SIRT3 activity level. Data are presented as a percentage of the control group, which is set at 100%. \*P\<0.05 vs. control group. Ti, titanium; SOD2, superoxide dismutase 2; SIRT3, sirtuin 3; TiCl~4~, Ti tetrachloride.](MMR-22-01-0257-g02){#f3-mmr-22-01-257}

![SIRT3 and SOD2 modulate Ti ion induced mROS accumulation and autophagy in osteoblastic cells. (A) SIRT3 overexpression induced deacetylation of SOD2 after 50 µM TiCl~4~ exposure. Representative immunoblot of LC3 protein levels in osteoblastic cells. GAPDH used as an internal standard for protein loading. (B) SOD2 activity in osteoblastic cells. (C) mROS production in osteoblastic cells. (D) Cell viability. Data are presented as a percentage of the control group, which was set at 100%. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. TiCl~4~ group.ac-SOD2, acetylated superoxide dismutase 2; Ti, titanium; TiCl~4~, Ti tetrachloride; SIRT3, sirtuin 3; LC3, microtubule associated protein 1 light chain 3 α; mROS, mitochondrial reactive oxygen species.](MMR-22-01-0257-g03){#f4-mmr-22-01-257}
